Corotation of a planetary magnetosphere with the rotation frequency of the planet is maintained by the viscous torque exerted by ion-neutral collisions in the planetary atmosphere, this torque being transmitted to the magnetosphere by Birkeland currents. In a steady state this torque balances the inertial drag associated with the production and/or outward transport of magnetospheric plasma. The viscous torque in the atmosphere requires some departure from rigid corotation, i.e., some difference between the average rotation velocities of the ionospheric plasma and of the un-ionized atmosphere. In this paper we calculate the inertial corotation lag as a function of radial distance in the magnetosphere, the solution being parameterized in terms of the Pedersen conductivity of the atmosphere and the rate at which plasma mass is produced and transported outward in the magnetosphere. Although insignificant in the case of earth's magnetosphere, the calculated inertial corotation lag is significant in the case of Jupiter's magnetosphere, where the rotation frequency may decrease by a factor of the order of 2 between the planetary surface and the magnetopause. One interesting consequence is that the active sector of Jupiter's magnetosphere (which is associated with a longitudinally restricted sector of enhanced ionospheric conductivity) should rotate faster, at a given distance, than adjacent longitude sectors and should therefore sweep up plasma from adjacent longitudes, thus amplifying the preexisting enhancement of plasma concentration in the active longitude sector.
INTRODUCTION
Planets that have both atmospheres and magnetospheres (earth and Jupiter for example) are expected, and observed, to exhibit the phenomenon of corotation, whereby the magnetospheric plasma rotates with essentially the angular velocity of planetary rotation. The role of the atmosphere is to provide a viscous transfer of momentum from the rotating surface of the planet up into the ionosphere, where the plasma is set into corotation by the collisional friction between the ions and the neutral particles (see, for example, Hines [1960] ). The rotating ionospheric plasma polarizes so as to produce a corotation electric field
E---(•o x r) x B (1)
where to and B are the planetary spin frequency and magnetic field vectors, respectively, and r is the radius vector from the spin axis. This electric field is then transmitted outward to enforce the corotation of the magnetospheric plasma, under the assumption that the magnetic field lines are perfect conductors [Ferraro, 1937] . (One often refers to the magnetic field lines themselves as corotating, although this description is ill defined for an axially symmetric field and is, in any case, unnecessary to the physical description.) In the absence of a significant neutral atmosphere, corotation can be enforced by the surface itself if the surface electrical conductivity is sufficient to impose the frozen-in-flux condition (1); this is expected to be the case in neutron star magnetospheres wherein corotation plays an essential role in most pulsar theories [e.g., Gold, 1968; Michel and Tucker, 1969; . If an electrically insulating atmosphere is present, there are two additional properties it must possess in order to enforce co,rotation: (1) it must have sufficient viscosity to transport planetary angular momentum upward to the P•edersen-conducting layer of the ionosphere, and (2) the Pedersen conductivity must itself be large enough to impose equation (1) (equivalently, the ion-neutral collision frequency must be large enough to drive the ions into corotation).
The first requirement has been discussed in connection with [Kennel and Coroniti, 1977 ], we will assume in the following discussion that the atmospheric viscosity is sufficient and that the rate of upward momentum transport from surface to ionosphere is limited chiefly by the second factor, the ionospheric conductivity. Corotation cannot extend to arbitrarily large distances from the planet but must ultimately break down as the result either of external forces or of the inertia of the corotating plasma itself. In the case of earth's magnetosphere, external stresses imposed by the solar wind impede corotation beyond the plasmapause at about 5 earth radii distance [e.g., Brice, 1967] . In the prototypical pulsar model, corotation is presumed to be limited by relativistic inertial effects, which become important near the light cylinder at which wr = c, the speed of light. In the case of Jupiter's magnetosphere, corotation is generally considered to break down beyond the 'Alfv6n point' or 'critical radius' at which wr --v A, the local Alfv6n speed [e.g., Michel and Sturrock, 1974; Hill et al., 1974] . Beyond this point the magnetic field would be too weak to transmit the centripetal force necessary to contain the corotating plasma.
There is, however, another factor that can limit the extent of corotation independently of the above effects, namely, the inertial drag exerted by any local production and/or outward transport of plasma. If the magnetospheric plasma distribution were completely static (with no local production or transport), then no torque would be required to maintain the magnetosphere in corotation out to the Alfv6n point. If such a static magnetosphere were not initially corotating, the differential rotation between atmosphere and ionosphere would produce an unbalanced torque that would ultimately drive the magnetosphere into corotation.
On the other hand, if plasma is continually produced or transported outward in the magnetosphere, then corotation (or eve•n partial corotation) would imply that the total angular momentum of that plasma is steadily increasing in time, and netosphere. In order to provide the required viscous torque the ionosphere must rotate somewhat more slowly than the un-ionized atmosphere. Thus corotation is necessarily incomplete in the presence of plasma production and/or outward transport. This self-limiting feature depends on the atmospheric conductivity and the rate of plasma production or transport and is quite independent of the effects that occur near the light cylinder or Alfv6n point, which depend on the ability of the magnetic field to confine the plasma radially.
In the following section we calculate the inertial corotation lag as a function of distance in a magnetosphere characterized by the values of M, the total rate of production and outward transport of plasma mass, and Y•, the height-integrated Pedersen conductivity of the atmosphere. We find that the corotation lag becomes significant at a distance Lo (in units of plan- 
where Re is the planetary radius and B, the planetary surface dipole magnetic field strength. Thus as one would expect, the corotation lag is most significant when the conductivity is small and the rate of mass addition is large. The critical distance Lo turns out to be too large to be of any consequence in earth's magnetosphere and in typical pulsar model magnetospheres. For Jupiter, on the other hand, we find Lo •-60, i.e., well inside the magnetosphere (at least part of the time), so that the inertial corotation lag may have important consequences, on which we will comment briefly at the conclusion of the paper.
CALCULATION OF INERTIAL COROTATION LAG
In this section we first calculate the torque exerted on the ionosphere by the neutral atmosphere through ion-neutral particle collisions, this torque being proportional to the height-integrated Pedersen conductivity. We then calculate the rate of increase of angular momentum in the magnetosphere, this rate being proportional to the rate of outward mass transport. Upon combining these two results we obtain a differential equation whose solution gives the corotation lag as a function of distance in the magnetosphere. 
dL On the right-hand side of (13) The justification for these assumptions will be discussed later. We thus approximate ( i.e., the (outward) mass flux must be approximately conserved throughout the radial range of interest. In practice this means that the local production rate (e.g., through photoionization of neutral gas) and loss rate (e.g., through recombination) must Figure   2 ) constitute a prediction that must be checked against future in situ plasma observations or, perhaps, against future detailed analysis of Pioneer energetic particle data.
Thus the results of our calculation (as illustrated in
For the sake of completeness we should point out that the corotation lag as predicted from the above analysis would be entirely negligible in the case of earth's magnetosphere and in the case of the typical pulsar model magnetosphere. •10% within this enhanced longitude sector, but would approach 50% at other longitudes in the outer magnetosphere. We would then have the interesting possibility that Jupiter's 'active sector' (the longitude sector associated with enhanced ionospheric conductivity) corotates nearly rigidly with Jupiter, whereas the remaining longitudes do not. In this case the active sector would tend to overtake the more slowly rotating plasma in adjacent longitudinal sectors and to sweep up the plasma there're. In other words, a negative divergence of the plasma flux would occur at the leading edge of the active sector and would tend to increase the plasma concentration there. We would then have a positive feedback mechanism whereby the localized sector of enhanced conductivity produces an increase of the magnetospheric trapped plasma concentration, which in turn amplifies the conductivity enhancement (through precipitation), etc. This is not meant to imply that the frozen-in-flux condition is violated in the outer magnetosphere-rather, it is proposed that entire flux tubes from adjacent longitudes accumulate at the leading edge of the active sector, thus compressing the plasma therein. The region of enhanced conductivity is localized in longitude but extended in latitude; thus the accumulating flux tubes cannot detour around the enhanced conductivity region but must instead accumulate until the increasing plasma density drives an outward convective flow of the type described by V. M. Vasyliunas (private communication, 1978) .
The longitudinal asymmetry of plasma density would thus be amplified as the plasma moves outward until it reaches the Alfv6n radius, at which point the active sector plasma would force the magnetic field open to form a planetary wind. The plasma would be expelled once each rotation as the active sector rotates into the magnetospheric tail, as described by Carbary et al. [1976] and references therein.
CONCLUSIONS
We have found that the corotation lag due to the inertia of outward-moving magnetospheric plasma becomes significant at a distance Lo which is proportional to the one-fourth power of the height-integrated ionospheric Pedersen conductivity and inversely proportional to the one-fourth power of the mass transport rate. For expected values of these parameters we find Lo '-• 64 for Jupiter ((32) above), so that the inertial corotation lag should be readily observable in Jupiter's magnetosphere.
In the case of earth's magnetosphere we also find Lo --• 64, but in this case we do not expect the inertial lag to be significant because solar wind stresses become important for L << Lo. In the case of pulsar model magnetospheres the inertial lag is also unimportant because Lo exceeds the size of the magnetosphere by a large factor.
In the case of Jupiter's magnetosphere the ionospheric conductivity, and hence the rotation speed at a given distance, may be a strong function of longitude. If this is true, then our results indicate that the active sector (the longitude sector associated with large ionospheric conductivity) may rotate faster at a given distance than other longitude sectors. The implication of this is that most of the magnetospheric plasma would tend to accumulate in the active longitude sector at and beyond L--• Lo.
Note 
